The detection of an antibody against nucleoprotein (NP) of the avian influenza virus (AIV) was attempted by an electrochemical immunoassay by combining a secondary antibody-alkaline phosphatase conjugate and 4-aminophenylphosphate. Released 4-aminophenol was quantitated electrochemically, and the current derived from oxidation of the hydrolysis product increased linearly over a wide primary antibody concentration range (10 -1000 ng/ml). The detection limit of this electrochemical immunoassay for the antibody against the NP of AIV was found to be 10 ng/ml.
Introduction
Avian influenza viruses (AIVs) pose a serious health concern worldwide, especially in southeastern countries where hundreds of people have been killed by the disease, and countless poultry had been culled as of January, 2008 . AIV belongs to the influenza A genus of the Orthomyxoviridae family, and can be subtyped based on the antigenic properties of the haemagglutinin (H1 -H16) and neuraminidase (N1 -N9) surface glycoproteins. 1 The bird flu is mainly caused by a specified subtype, highly pathogenic H5N1. Even the worst case is feared, where the virus may mutate into a form that is capable of transmitting itself from humans to humans. Under these circumstances, detecting the virus at the earliest stage of infection as possible is of imminent importance. Currently, the flu is diagnosed by detecting a virus-specific antigen, 2 isolating the virus in cultured cells 3 and embryonated eggs, 4 and detecting virus-specific RNA by the reverse transcription-polymerase chain reaction. 5, 6 In addition, serological surveillance of the virus is important to prevent a pandemic of the flu. Of the several methods available to monitor the virus serologically, the enzyme-linked immunosorbent assay (ELISA) would be the best choice, [7] [8] [9] [10] [11] [12] where the absorption or fluorescence of the product released upon immunoreactions is determined. Recently, an alternative method was reported where the product of immunoreactions is quantitated electrochemically. [13] [14] [15] [16] [17] [18] [19] [20] In this method, compounds generating a redox active product, such as 4-aminophenol and 2,2¢-diaminoazobenzene, are used as a substrate of enzyme reactions. In this work we addressed the feasibility of this electrochemical ELISA (eELISA) in the detection of AIV with a 4-aminophenyl phosphate-alkaline phosphatase combination.
Experimental
Reagents and chemicals 4-Nitrophenylphosphate was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 4-Aminophenylphosphate was synthesized as described previously. 14 Anti-mouse IgGalkaline phosphatase conjugate was purchased from Promega (Madison, WI). The full-length NP gene of AIV (A/Ck/Yoko/ q55/01) was amplified by a reverse transcription-polymerase chain reaction, and ligated into the bacterial expression vector pET-15 (Novagen, San Diego, CA). The ligation products were transformed into competent E. coli cells (Novagen) to express the NP protein. A monoclonal antibody (IgG1) against the recombinant NP (rNP) thus produced was raised in mouse by standard procedures, as previously described. 21 
Preparation of disposable gold electrodes
Disposable gold electrodes were prepared by sputter coating on a titanium thin layer 22 (IB-2 ion-coater, Eiko Engineering, Ibaraki, Japan). The gold thin layer part was attached to its holder part ( Fig. 1(A) ). The electrode could be used repeatedly simply by replacing the gold thin layer part. Tight contact of the electrode and its holder was ensured by conductive rubber being inserted between them. In fact, leakage of the electrolyte was completely prevented by this trick. The electrochemical analyzer used was compact and portable, yet its performance was comparable to that of commercial counterparts. Incidentally, the apparatus was driven by USB bus power.
Electrochemical immunoassay
All procedures were performed at 37˚C. A 96-well titerplate (MaxiSorp, Nalge Nunc International, Tokyo, Japan) with the rNP of immobilized AIV was used. A 100-ml solution containing various amounts of antibody to NP (mouse IgG, in 50 mM Tris-HCl, 150 mM NaCl, pH 7.4) was placed in each well, and the plate was incubated for 30 min. The wells were washed with 100-ml of washing buffer (50 mM Tris-HCl, 150 mM NaCl, 0.05% Tween-20, pH 7.4) three times. Then, a 100-ml solution of 0.1 mg/ml anti-mouse IgG alkaline phosphatase conjugate was placed in each well, and the plate was incubated for 30 min. The wells were washed with a washing buffer. Finally, a 100-ml solution containing 0.5 mM 4-aminophenylphosphate (in 50 mM Tris-HCl, 10 mM NaCl, 10 mM MgCl2, pH 9.0) was placed in each well and the plate was incubated for 30 min. The solutions were taken out from each well and analyzed by differential pulse voltammetry (DPV).
Electrochemical measurements
Electrochemical measurements were carried out with a threeelectrode configuration consisting of an Ag/AgCl reference electrode, a Pt counter electrode, and a disposable gold electrode as a working electrode. The conditions for DPV measurements were the following: initial potential, -0.2 V; final potential, 0.4 V; scan rate, 100 mV/s; pulse amplitude, 0.05 V; sample width, 16.7 ms; pulse period, 0.2 s; pulse width, 0.05 s; quiet time, 2 s.
Immunoassay
The assay was carried out in the same way as the electrochemical immunoassay with an exception being that 4-nitrophenylphosphate was replaced for 4-aminophenylphosphate. Released 4-nitrophenol was monitored spectroscopically at 405 nm on a Plate-reader VERSA Max (Molecular Device Co., Sunnyvale, CA).
Results and Discussion

Evaluation of disposable electrodes and a portable electrochemical apparatus
Shown in Fig. 1 are home-made gold electrodes, and the portable electrochemical analyzer. To evaluate the performance of the disposable electrode and the apparatus, DPV having various concentrations of 4-aminophenol was determined (Fig. 2) . A good linearity was secured between the current and the 4-aminophenol concentration over the 5 to 100 mM range. This broad dynamic range is one of the advantages of electrochemical Electrochemical quantitation of the current derived from 4-aminophenol in 50 mM Tris-HCl, 10 mM NaCl, 10 mM MgCl2, pH 9.0 at 37˚C. methods, and it is difficult to obtain a similar broadness with absorption spectroscopy. Furthermore, the reproducibility is high, as reflected in the variability coefficient of 1.15 -4.34% for 6 determinations at each concentration.
Electrochemical immunoassay
The detection of an antibody to AIV was attempted with this system, the principle of which is illustrated in Fig. 3 . The rNP of AIV was immobilized on the surface of a titer plate well, and the inter-well space was masked with bovine serum albumin (BSA). Mouse anti-NP antibody was then applied. This was followed by the application of anti-mouse IgG antibody-alkaline phosphatase conjugate and 4-aminophenylphosphate. The released 4-aminophenol was quantitated electrochemically.
Representative DPV data at various anti-NP antibody concentrations are presented in Fig. 4 . The current increased with an increase in the antibody concentration (Fig. 5) , proving that the target antibody could be analyzed quantitatively in the range of 10 -1000 ng/ml with a detection limit of 10 ng/ml of the NP antibody of AIV; the variability coefficient was 5% for 6 determinations.
To compare the detection limit of this eELISA with the conventional ELISA, the same experiments were carried out, but with 4-nitrophenylphosphate replaced for 4-aminophenylphosphate (Fig. 5) . It was found that the sensitivity of detection in the conventional ELISA was 10 ng/ml, which was nearly equivalent to that of eELISA. It is not certain whether this detection limit is low enough for the antibodies to AIV in field chickens without further experiments with chicken sera. This kind of undertaking is proceeding in these laboratories.
Equivalent in sensitivity as it is, eELISA can be run with a simpler apparatus, even a home-made one, without relying on a costly instrument. This facet concerning eELISA is one of the advantages of this method, and will be useful especially where AIV needs to be screened outdoors. We are planning to evaluate eELISA for detecting antibodies to AIV in field chickens.
Conclusion
The detection of antibodies against the NP of AIV was attempted with a disposable gold electrode and a portable electrochemical analyzer. It was found that the sensitivity of detection, 10 ng/ml, is nearly equivalent to that of the conventional ELISA. 
